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Aging Impairs Mitochondrial Function ana
Mitophagy and Elevates Interleukin 6 Within
the Cerebral Vasculature

, PhD; Muriel G. Blin, PhD; Jianrui Song, PhD; Sherri C. Wood, BS; Daniel R. Goldstein

Daniel J. Tyrrell , MD
BACKGROUND: The blood-brain barrier (BBB) is critical for cerebrovascular health. Although aging impairs the integrity of the
BBB, the mechanisms behind this phenomenon are not clear. As mitochondrial components activate inflammation as mito-
chondria become dysfunctional, we examined how aging impacts cerebrovascular mitochondrial function, mitophagy, and
inflammatory signaling; and whether any alterations correlate with BBB function.

METHODS AND RESULTS: We isolated cerebral vessels from young (2-3 months of age) and aged (18-19 months of age) mice
and found that aging led to increases in the cyclin-dependent kinase inhibitor 1 senescence marker with impaired mitochon-
drial function, which correlated with aged mice exhibiting increased BBB leak compared with young mice. Cerebral vessels
also exhibited increased expression of mitophagy proteins Parkin and Nix with aging. Using mitophagy reporter (mtKeima)
mice, we found that the capacity to increase mitophagy from baseline within the cerebral vessels on rotenone treatment was
reduced with aging. Aging within the cerebral vessels also led to the upregulation of the stimulator of interferon genes and
increased interleukin 6 (IL-6), a cytokine that alters mitochondrial function. Importantly, exogenous IL-6 treatment of young
cerebral vessels upregulated mitophagy and Parkin and impaired mitochondrial function; whereas inhibiting IL-6 in aged
cerebral vessels reduced Parkin expression and increased mitochondrial function. Furthermore, treating cerebral vessels of
young mice with mitochondrial N-formyl peptides upregulated IL-6, increased Parkin, and reduced Claudin-5, a tight junction
protein integral to BBB integrity.

CONCLUSIONS: Aging alters the cerebral vasculature to impair mitochondrial function and mitophagy and increase IL-6 levels.
These alterations may impair BBB integrity and potentially reduce cerebrovascular health with aging.
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is critical for maintaining healthy cerebrovascu-

lar function,! via unclear mechanisms. Vascular
aging leads to impaired mitochondrial bioenergetics
and quality control,>® increased inflammation,* in-
creased oxidative stress,® senescence,® and fibrosis.’
Of the potential mechanisms by which aging impairs
the BBB, the vasculature is an area that has been un-
derappreciated until recently.® Vascular aging could
also impact the integrity of the BBB by reducing the de-
livery of critical nutrients, such as oxygen, glucose, and

Aging disrupts the blood-brain barrier (BBB), which

amino acids, to neuronal tissue. Furthermore, vascular
aging impairs clearance of carbon dioxide, amyloid-J3,
and other waste products from the brain.! But whether
any of these changes occur within the cerebral vascu-
lature with aging to disrupt the BBB is unclear.

The role of mitochondria in contributing to vascular
aging and disease has been increasingly recognized,
although this has not been specifically examined in
the cerebral vasculature. Aortic mitochondrial dys-
function occurs by 18 months of age in mice and in
atherosclerotic regions of the aorta in older adults (ie,
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CLINICAL PERSPECTIVE

What Is New?

e QOur study reveals that aging impairs mitochon-
drial function and mitophagy (a process to
remove defective mitochondria) within the cer-
ebral vasculature in mice. We correlated these
findings to impaired blood-brain barrier integrity
with aging.

e Age-associated alterations in mitochondrial
function, mitophagy, and blood-brain barrier in-
tegrity associate with elevation of the cytokine
interleukin 6 within the cerebral vasculature.

¢ Inhibiting interleukin 6 improves mitochondrial
function in the cerebral vasculature of aged
mice.

What Are the Clinical Implications?

e QOlder people exhibit an increase in mortality
and morbidity from stroke and exhibit small-
vessel cerebrovascular disease.

e Our study reveals that damaged mitochondria
and a reduced ability to remove these damaged
mitochondria may contribute to this aged vas-
cular phenotype.

e Therapies that either improve mitochondrial
function or increase mitochondrial turnover, po-
tentially by inhibiting interleukin 6, may improve
cerebrovascular health with aging.

Nonstandard Abbreviations and Acronyms

BBB blood-brain barrier

FPR1 formyl peptide receptor 1

MCA middle cerebral artery

mtDAMP  mitochondrial damage-associated
molecular pattern

OCR oxygen consumption rate

p21 cyclin-dependent kinase inhibitor 1

PGC1-a  peroxisome proliferator-activated
receptor y coactivator

PINK1 phosphatase and tensin homolog-
induced kinase 1

STING stimulator of interferon genes

WT wild type

>70 years of age).> " Mitochondrial dysfunction leads
to mitochondrial components, such as mitochondrial
DNA, cardiolipin, and N-formyl peptides, spilling into
the cytosol. These components act as mitochondrial
damage-associated molecular patterns (MtDAMPS)
to induce inflammation by activating either the Toll-
like receptor 9,"? cyclic GMP-AMP synthase, or stim-
ulator of interferon genes (STING) pathways.'®'* The
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upregulation of interleukin 6 (IL.-6) within the aortas
of mice with aging® suggests that activation of all
of these pathways may occur with vascular aging.
Yet, the role of mtDAMPs in promoting inflalmmation
during aging in the cerebral vasculature is unclear.
As systemic administration of exogenous N-formyl
peptides in rats increases vascular permeability in
the aorta,'® and because cerebrovascular inflamma-
tion disrupts BBB function and enhances neuronal
death,'® vascular aging may impair neuronal health
by reducing BBB integrity.

One homeostatic mechanism to reduce the in-
flammatory effects of mtDAMPs is to effectively
recycle damaged mitochondria via mitophagy, a
specialized subset of macroautophagy."” The protein
PINK1 (phosphatase and tensin homolog-induced
kinase 1), a serine/threonine kinase, accumulates
on the outer membrane of damaged mitochon-
dria and recruits Parkin, an E3-ubiquitin ligase,'®2°
which ubiquitinates mitochondrial outer membrane
proteins.?! This primes mitochondria for autophagy
machinery, sequestosome 1 (denoted as p62) and
Mapi1LC3b (LC3), to package dysfunctional mito-
chondria in autophagosomes for degradation in lyso-
somes.?? Although basal mitophagy in the aorta has
been shown to increase with age,® how mitophagy is
altered by aging in the cerebral vasculature and its
relationship to BBB integrity are unclear.

In this study, we measured mitochondrial function,
mitophagy, and inflammatory pathways in the cere-
bral vessels of young and aged mice to determine if
any of these factors correlate with BBB integrity and
function.

METHODS

The data that support the findings of this study are
available from the corresponding author upon reason-
able request.

Mice and Diet

Wild-type (WT) young (2-3 months) and aged (18—
19 months) male and female C57BL/6 mice were
obtained from the National Institute on Aging rodent
colony. mtKeima, mitophagy reporter mice on the
FVB/NCrl background were generously provided by
Dr Finkel.?®> These mice were aged to the indicated
ages under specific pathogen-free conditions in the
animal facility at the University of Michigan. Tissues
from mice were randomly assigned into different treat-
ment groups for in vitro culture. For this study, only
aged male mtKeima mice were available. All mice were
maintained on a 12-hour light-dark cycle with free ac-
cess to food (3% calories from fat; LabDiet catalog No.
5001) and water.
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Cerebrovascular Permeability
Cerebrovascular permeability was determined by
quantifying Evans Blue extravasation in the brain.?*
Evans Blue (2%) in PBS was injected intravenously.
After 30 minutes, the circulation was perfused with
20 mL PBS at a rate of 2 mL/min through the left ven-
tricle of the heart. The right atrium was clipped, and
the perfusate was monitored to ensure it ran clear.
After perfusion, the brain was harvested, homog-
enized in 1 mL formamide, and incubated 18 hours
at 4°C. Samples were centrifuged at 1000g for 30
minutes at 4°C, and the absorbance of the superna-
tant was analyzed at 610 nm and normalized to brain
weight.

Fluorescence Imaging
For assessment of mean tetramethylrhodamine
(ThermoFisher, catalog No. 134361) fluorescence
intensity, the left and right middle cerebral ar-
teries (MCAs) were isolated and incubated with
PBS+tetramethylrhodamine (100 nmol/L) for 30
minutes at 37°C. The MCAs were washed in PBS
twice for 3 minutes before mounting in PBS on glass
slides. Imaging commenced immediately following
the final wash. Imaging was done using a Nikon Alsi
confocal microscope with excitation at 488 nm and
emission of 560 to 580 nm. Tetramethylrhodamine
accumulation in mitochondria is dependent on mi-
tochondrial membrane potential (Aym). For immu-
nohistochemistry, fixed paraffin-embedded sections
of the MCA were deparaffinized and rehydrated.
After blocking, sections (6 pm each) were incubated
at room temperature for 1 to 2 hours with Parkin
(Abcam, catalog No. ab77924; 1:500). After rinsing
in PBS, slides were incubated with secondary anti-
bodies for 1 hour at room temperature. Slides were
mounted with Prolongold Diamond Antifade mount-
ant (ThermoFisher Scientific, catalog No. P36961).
Immunofluorescence images were captured using
a Nikon Alsi confocal microscope, and colocaliza-
tion was analyzed using Imaged. For imaging Parkin,
the pixel size is 188.57 nm/pixel at 60x objective.
Parkin mean fluorescence intensity was measured
within a region of interest that was traced around the
a-smooth muscle actin® layer of cells (ie, the media
layer) and averaged to the area of the region of in-
terest. For both tetramethylrhodamine and Parkin
imaging, between 3 and 6 representative images
for each mouse were collected, and average of the
mean fluorescence intensity was reported. Image
analysis for mean fluorescence intensity was quanti-
fied using ImageJ (NIH, Bethesda, MD). Investigators
were blinded when performing analysis.

For assessment of mitophagy index using mtKeima
mice, the left and right MCAs were isolated and incubated
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in medium consisting of 0.5 mmol/L EGTA (Sigma, cata-
log No. E4378), 3 mmol/L MgCl, 6 hexahydrate (Sigma,
catalog No. M9272), 60 mmol/L lactobionic acid (Sigma,
catalog No. 153516), 20 mmol/L taurine (Sigma, cata-
log No. T0625), 10 mmol/L KH,PO, (Sigma, catalog No.
P5655), 20 mmol/L HEPES (ThermoFisher Scientific,
catalog No. 15630080), 110 mmol/L D-sucrose (Sigma,
catalog No. S0389), 1.25 mmol/L ADP (CalBiochem, cat-
alog No. 117105), 2 mmol/L malate (Sigma, catalog No.
M1000), 5 mmol/L pyruvate (Sigma, catalog No. P2256),
10 mmol/L glutamate (Sigma, catalog No. G1626),
10 mmol/L succinate (Sigma, catalog No. S2378), and
1 g/L bovine serum albumin at pH 7.1. The MCA was cul-
tured for 2 hours at 37°C with 1 pmol/L rotenone (Sigma,
catalog No. R8875), recombinant IL-6 (Peprotech, cata-
log No. 216-16), or vehicle (PBS or ethanol) for 2 hours at
37°C. Mitotracker green FM (ThermoFisher Scientific, cat-
alog No. M7514) was added during the final 20 minutes
of the 2-hour culture period as our microscope does not
have the capability to analyze the mtKeima green signal
(ie, excitation at 561 nm and detected in the 590-650 nm
emission range). Imaging was done using a Nikon Alsi
confocal microscope. The mtKeima red fluorescent sig-
nal was obtained with excitation at 561 nm and detected
in the 590- to 650-nm emission range, and the green
signal was obtained by excitation at 488 nm and de-
tected within the 500- to 550-nm emission range. Image
analysis was done using Imaged. For mtKeima analysis,
mean fluorescence intensity from red 561-nm excitation
was normalized to mean green 488-nm excitation fluo-
rescence intensity. Calculating the ratio of red:green flu-
orescence allows one to quantify the proportion of the
total mitochondria that are in the low pH environment of
the lysosome.

Isolation of Cerebral Vessels for
Immunoblotting, Mitochondrial DNA
Copy Number, and Oxygen Consumption
Rate

Cerebral vessels, primarily consisting of arteries,
were manually dissected using a dissection micro-
scope similar to what has been previously pub-
lished.?>?6 Dissected vessels included the circle of
Willis, anterior cerebral artery, MCA, interior cerebral
arteries, posterior communicating arteries, supe-
rior cerebral arteries, basilar artery, and superficial
branching arteries on the dorsal cerebral surface, in-
cluding the rostral and caudal branches of the MCA.
Representative immunoblots of isolated vessels are
shown in Figure S1.

Ex Vivo Stimulation

For N-formyl peptide culture, the cerebral vessels from
young (2-3 months old) WT mice were dissected,
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harvested, and washed in PBS. Cerebral vessels from
left and right hemisphere were kept separate from
each mouse brain and were randomized for 30-minute
culture in PBS with either 10 pmol/L N-formyl peptide
(N-Formyl-Nle-Leu-Phe-Nle-Tyr-Lys; Genscript catalog
No. RP12959) or vehicle (PBS+1% dimethyl sulfoxide),
similar to what was previously done.'® After 30-min-
ute culture, vessels were washed twice in PBS and
immediately flash frozen for immunoblot analysis. For
recombinant IL-6 culture, the cerebral vessels from
young (2-3 months old) mice were dissected, har-
vested, and washed in PBS. For recombinant IL-6
culture, cerebral vessels were cultured in DMEM+10%
fetal bovine serum with either O or 10 ng/mL of recom-
binant IL-6 (PeproTech, catalog No. 216-16) or vehicle
for 2 hours. After 2 hours of IL-6 culture, the tissue was
washed 3x with PBS, flash frozen, and used for immu-
noblot analysis. For anti—IL-6 culture, cerebral vessels
were cultured in DMEM+10% fetal bovine serum with
either 5 pg/mL anti-IL-6 antibody or IgG control (R&D
Systems, catalog No. MAB406, clone MP5-20F3) for 2
hours. After 2-hour culture, tissue was washed 3x with
PBS and flash frozen for use immediately for respirom-
etry studies.

Immunoblotting

The cerebral vasculature from young and aged mice
was dissected, harvested, washed, and flash frozen.
Tissues were homogenized for 30 seconds in lysis
buffer (ThermoFisher Scientific, catalog No. 78510)
with 1% protease inhibitor cocktail (Sigma, catalog No.
P8340) and 1% phosphatase inhibitor cocktail (Sigma,
catalog No. P5726) using tissue homogenizer (PRO
Scientific, Oxford, CT). Tissue lysates were electro-
phoresed on 4% to 12% gradient SDS-polyacrylamide
gels and transferred to 0.20 pm polyvinylidene dif-
luoride membranes (ThermoFisher Scientific, catalog
No. IB401001). Blotted membranes were blocked in
PBS+0.1% Tween-20+5% BSA for 2 hours at room
temperature. Membranes were incubated for 1 hour
at room temperature with primary antibodies against
cytochrome C oxidase IV (1:1000, Abcam, catalog
No. ab16056), Parkin (Abcam, catalog No. ab77924;
1:500), Nix (Santa Cruz Biotechnology, catalog No.
sc-166332; 1:200), peroxisome proliferator-activated
receptor y coactivator 1-a (Abcam, catalog No.
ab54481; 1:1000), cyclin-dependent kinase inhibitor 1
(p21) (Santa Cruz Biotechnology, catalog No. sc-6246;
1:200), STING (Cell Signaling Technology, catalog No.
13647; 1:1000), IL.-6 (Cell Signaling Technology, cata-
log No. 12912; 1:500), formyl peptide receptor 1 (FPR1)
(Abcam, catalog No. ab113531; 1:500), Claudin-5
(Abcam, catalog No. ab15106; 1:1000), and B-actin
(Abcam, catalog No. ab8226; 1:1000). After washing
in PBS+0.1% Tween-20, membranes were incubated
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in secondary antibodies for 30 minutes (Abcam, cata-
log No. ab205718 and No. ab205719; 1:5000-1:10 000)
and then illuminated with chemiluminescent substrate
(ThermoFisher Scientific, catalog No. 34577) using a
BioRad ChemiDoc (Hercules, CA). Semiquantitative
densitometry was calculated using ImagedJ.

Mitochondrial DNA Copy Number

The cerebral vasculature was harvested, as described
above, and flash frozen. DNA was isolated using
DNeasy Blood and Tissue Kit (Qiagen, catalog No.
69504). The ratio of mitochondrial DNA copy number/
nuclear DNA copy number was determined by real-
time polymerase chain reaction (Detroit R&D, catalog
No. MCNB3), according to manufacturer’s instructions
using 4 ng of DNA samples. The fold-change was cal-
culated using AA threshold cycle method and normal-
ized to the young control group.

Respirometry of Cerebral Vessels

The cerebral vessels were placed in ice-cold respira-
tion medium consisting of 0.5 mmol/L EGTA (Sigma,
catalog No. E4378), 3 mmol/L MgCl, 6 hexahydrate
(Sigma, catalog No. M9272), 60 mmol/L lactobionic
acid (Sigma, catalog No. 153516), 20 mmol/L tau-
rine (Sigma, catalog No. T0625), 10 mmol/L KH,PO,
(Sigma, catalog No. P5655), 20 mmol/L HEPES
(ThermoFisher Scientific, catalog No. 15630080),
110 mmol/L D-sucrose (Sigma, catalog No. S0389),
and 1 g/L BSA at pH 7.1.2” High-resolution oxygen
consumption measurements were conducted in 2 mL
of MiR05 using the Oroboros Oxygraph 2k (Oroboros
Instruments, Innsbruck, Austria). Polarographic oxy-
gen measurements were acquired at 2-second inter-
vals with the steady-state rate of respiration calculated
from a minimum of 30 data points and expressed as
pmol s per mg wet weight. All respiration measure-
ments were conducted at 37°C in a working range [02]
of 200 to 100 pmol/L. Respiration was measured with
sequential titrations of: 1.25 mmol/L ADP (CalBiochem,
catalog No. 117105), 2 mmol/L malate (Sigma, cata-
log No. M1000), 5 mmol/L pyruvate (Sigma, catalog
No. P2256), 10 mmol/L glutamate (Sigma, catalog
No. G1626), 10 mmol/L succinate (Sigma, catalog No.
S2378), 0.5 umol/L carbonyl cyanide m-chlorophenyl
hydrazone (Sigma, catalog No. C2759), 0.5 pmol/L
rotenone (Sigma, catalog No. R8875), and 2.5 pmol/L
antimycin-A (Sigma, catalog No. A8674).

Statistical Analysis

All results are presented as mean+=SEM. Normality was
determined using Shapiro-Wilk test. Nonparametric
tests were used for data that are not normally distrib-
uted. Data with one independent variable (ie, age) that
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Figure 1. Aging impairs mitochondrial membrane potential within the cerebral vasculature.

Middle cerebral arteries were obtained from wild-type (WT) female C57LB/6 mice, and mitochondrial
membrane potential was measured. A, Representative tetramethylrhodamine (TMRM) fluorescence in
3- and 18-month-old female WT mice. B, Quantification of mean fluorescence intensity of A. C, Maximal
oxygen consumption rate (OCR) in cerebral vessels with substrates for complex | and I+Il coupled
oxidative phosphorylation and maximal complex I+l and Il uncoupled OCR. D, Mitochondrial DNA
(mtDNA) copy number/nuclear DNA (nucDNA) copy number ratio. E, Cerebral vessel lysates from young
and aged mice were immunoblotted against cytochrome C oxidase (Cox) IV and [3-actin. F, Quantification
of immunoblot in E. Mann-Whitney U test for B, D, and F. Repeated measures 2-way ANOVA with Sidak
multiple comparison test for C. Each data point represents a biological replicate. N=5 per group. All
results are presented as mean+SEM. A indicates aged (18-19 months of age); A.U., arbitrary unit; ClI,
complex | of the electron transport chain; Cll, complex Il of the electron transport chain; MW, molecular
weight; and Y, young (3—4 months of age).

were generated from 2 groups of mice were analyzed
using the Student t test or Mann-Whitney U-test (non-
parametric). When data were generated from the same
mouse (ie, cerebral vascular tissue exposed or not to
recombinant IL-6), a paired t test was used. When >1
independent variable was analyzed (ie, for cerebral
vascular oxygen consumption rate experiments), a
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repeated measures 2-way ANOVA with Sidak multiple
comparison test was used. Note, we report specific
comparisons between the young and aged groups. For
experiments with the aged mtKeima mice, because of
limited numbers of mice, the group sizes are not equal.
In this case, we used a mixed effect model with re-
peated measures with the 2-way ANOVA to account
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Figure 2. Aging increases the mitophagy proteins Parkin and Nix within the cerebral vasculature.
Middle cerebral arteries (MCAs) were obtained from wild-type female C57LB/6 mice, and the
cerebral vasculature was isolated for immunoblot.

A, Cerebral vessel lysates from young (Y; 3-4 months of age) and aged (A; 18-19 months of age) mice
were immunoblotted against Parkin, Nix, peroxisome proliferator-activated receptor y coactivator 1-a
(PGC1-q), and [(3-actin. B-D, Quantification of immunoblot in A. E, Fluorescent staining of a-smooth
muscle actin and Parkin in formalin-fixed, paraffin-embedded MCA sections from Y and A mice. F,
Quantification of Parkin mean fluorescence intensity (MFI) in a-smooth muscle actin* cell layer. Mann-
Whitney U test for B-D and F. Each data point represents a biological replicate. N=5 per group for B and
C, N=10 per group for D, and N = 4 to 5 for F. All results are presented as mean+SEM. aSMactin indicates
a-smooth muscle actin; and MW, molecular weight.

for the missing data. Specific statistical tests and P
values are stated in the figure legends. Two-sided P
values were used, and values <0.05 were considered
significant. Graphpad Prism 8 was used for statistical
analysis and figures.

Study Approval
University of Michigan Institutional Animal Care and
Use Committee approved the use of mice for this study.

RESULTS

Cerebral Vessels From Aged Mice
Exhibit Mitochondrial Dysfunction
Compared With Cerebral Vessels From
Young Mice

Cerebral vessels were isolated from the brains of
healthy young (2-3 months of age) and aged (18-
19 months of age) WT female mice, as detailed in the
Methods. We first assessed mitochondrial function by
measuring basal mitochondrial membrane potential,
an established parameter of mitochondrial function,?®
using the fluorescent dye tetramethylrhodamine. We
found that the vessels of aged mice exhibited a 3-fold
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reduction in tetramethylrhodamine signal compared
with young mice (Figure 1A and 1B). We next meas-
ured oxygen consumption rate (OCR), another estab-
lished measurement of mitochondrial function,?® in the
cerebral vessels of young and aged mice. Compatible
with our findings with tetramethylrhodamine, we found
there was an approximate 20% reduction in both cou-
pled and uncoupled complex | and Il linked respira-
tion (Figure 1C). The reduction in this signal was not
attributable to reduced mitochondrial level, which was
measured by mitochondrial DNA:nuclear DNA copy
number ratio (Figure 1D), and cytochrome C oxidase IV
level, a mitochondrial electron transport chain protein
that correlates with mitochondrial mass (Figure 1E and
1F). These data indicate that cerebral vessels exhibit
reduced mitochondrial function with aging.

Mitophagy Proteins Parkin and Nix Are
Increased Within the Cerebral Vasculature
With Aging

As mitophagy is a key homeostatic process to re-
move dysfunctional mitochondria,”” we next as-
sessed levels of the mitophagy proteins, Parkin and
Nix. Immunoblot analysis found at least a 10-fold in-
crease in both of these mitophagy proteins in aged
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Figure 3. Mitophagy capacity is impaired in the cerebral vasculature with aging.

A and B, Middle cerebral arteries were harvested from young (3—4 months of age) and aged (16—-17 months
of age) male mtKiema mice (see Methods). The green signal (488-nm excitation) and mtKeima red signal
(561-nm excitation) were assessed by fluorescence microscopy (see Methods), and the ratio of 561:488
mean fluorescence intensity (mitophagy index) was calculated in B. Scale bars in A=20 pm. Each data
point represents a biological replicate. N=9 young and aged mice per group under basal conditions,
and N=3 per group with rotenone (Rot.) treatment. All results are presented as mean+SEM. Mixed effect
model repeated measures 2-way ANOVA with Sidak post hoc test. Mito indicates mitotracker green FM.

female mice (Figure 2A through 2C), with similar find-
ings in male mice (Figure S2A-S2C), indicating that
the upregulation of these proteins occurs regardless
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Figure 4. Aging increases blood-brain barrier leak and
associates with an increase in the cyclin-dependent kinase
inhibitor 1 (p21) senescent marker.

Evans Blue (EB) dye was injected into young (Y; 3-4 months of
age) and aged (A; 18-19 months of age) female mice intravenously
for 30 minutes and washed out with PBS. Brains were extracted,
and EB dye extravasation in the parenchyma was quantified.
A, Quantification of EB dye normalized to brain weight. B,
Representative images of Y and A brains split coronally to show EB
extravasation. C, Cerebral vessel lysates from young and aged wild-
type C57BL/6 mice were immunoblotted against p21 and 3-actin. D,
Quantification of immunoblot in C. Mann-Whitney U test for A and D.
Each data point represents a biological replicate. N=7 per group for
A, and N=5 per group for D. All results are presented as mean+SEM.
A.U. indicates arbitrary unit; and MW, molecular weight.
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of sex. (Note, unless indicated, all the remaining re-
sults are with female mice.) We next determined if
the increases in these mitophagy proteins with aging
correlated with mitochondrial biogenesis. Hence, we
measured a key regulator of mitochondrial biogen-
esis, peroxisome proliferator-activated receptor vy
coactivator 1-a (PGC1-),%° and found that PGC1-a
was similar between aged and young female mice
(Figure 2A and 2D) but reduced by 40% in the cere-
bral vessels of aged male mice (Figure S2A and S2D).
Finally, fluorescent microscopic analysis revealed that
the age-enhanced increase in Parkin occurred within
the smooth muscle cell layer of the cerebral vascula-
ture with aging (Figure 2E and 2F). Hence, these re-
sults indicate that 2 mitophagy proteins are increased
within the cerebral vasculature with aging, whereas
mitochondrial biogenesis may be reduced in aged
male mice.

Mitophagy Capacity Is Impaired Within
the Cerebral Vasculature With Aging

We next used mitophagy reporter mice (mtKeima) to
measure mitophagy within the cerebral vasculature
with aging. We recently used these mice to meas-
ure mitophagy within the aortas in mice as they
age.® mtKeima mice express the pH-sensitive and
lysosome-resistant protein Keima fused to the mi-
tochondrial targeting sequence from cytochrome C
oxidase VIII.?% As a result, mitochondria in these mice
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Figure 5. Aging increases stimulator of interferon genes (STING)-interferon 6 (IL-6) pathway in
the cerebral vasculature.

A, Cerebral vessel lysates from young (Y; 3-4 months of age) and aged (A; 18-19 months of age) female
wild-type C57BL/6 mice were immunoblotted against STING, IL-6, and -actin. B and C, Quantification of
immunoblot in A. D, Middle cerebral arteries were harvested from Y female mtKiema mice (see Methods)
and incubated with 0 or 10 ng/mL recombinant IL-6 (rlL-6) for 2 hours. Mitotracker green was added
for the final 20 minutes of the incubation following 2 washes with PBS before mounting and imaging.
The green signal (488-nm excitation) and mtKeima red signal (561-nm excitation) were assessed by
fluorescence microscopy (see Methods), and the ratio of 561:488 mean fluorescence intensity (mitophagy
index) is calculated in E. Mann-Whitney U test for B and C. Paired t test for E. Each data point represents
a biological replicate. N=10 per group for A, N=6 per group for E, and N=5 per group for C. All results are
presented as mean+SEM. Mito indicates mitotracker green FM; MW, molecular weight; and Veh., vehicle.

emit a green fluorescent signal. When mitochondria
are shuttled into the lysosomes for degradation, the
green signal shifts to a red signal.?® This allows one to
calculate a mitophagy index that reflects mitophagy.
We first assessed the mitophagy index in cerebral
vessels from young and aged male mtKeima mice
under basal conditions. We found that the mitophagy
index was increased in the aged vessels compared
with the young vessels (Figure 3A and 3B). We next
determined the mitophagy index when we activated
mitophagy with rotenone, a mitochondrial complex |
inhibitor that induces mitophagy.3' Although the cer-
ebral vessels of young mice exhibited a significant
increase in mitophagy index on ex vivo culture with
rotenone, cerebral vessels from aged mice failed
to do so (Figure 3A and 3B). This indicates the mi-
tophagy capacity within cerebral vessels is impaired
with aging.

J Am Heart Assoc. 2020;9:e017820. DOI: 10.1161/JAHA.120.017820

Aged Mice Exhibit Increased BBB Leak
That Correlates With Increased p21
Protein Expression

We administered Evans Blue dye intravenously into
young and aged mice and then assessed the concen-
tration of dye within the brain parenchyma after flush-
ing the systemic circulation to assess leakage of BBB.
We found a significant 40% increase in dye concentra-
tion in the brains of aged mice compared with young
mice (Figure 4A and 4B), indicating a reduction in BBB
integrity with aging.

As cellular senescence contributes to BBB integrity,?
we next measured protein expression of p21, a marker
of senescence,® in the cerebral vessels of young and
aged mice. We found a >10-fold increase in p21 pro-
tein levels in aged female cerebral vessels compared
with young female cerebral vessels (Figure 4C and 4D).
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Figure 6. Interleukin 6 (IL-6) induces Parkin expression and reduces oxygen consumption rate (OCR) in the cerebral
vasculature.

A, Cerebral vessel lysates from young (3-4 months of age) wild-type (WT) C57BL/6 mice cultured with exogenous recombinant IL-6
(rIL-6) or vehicle (Veh.) for 2 hours were immunoblotted against Parkin, cyclin-dependent kinase inhibitor 1 (p21), and B-actin. B and
C, Quantification of immunoblot in A. D, Young cerebral vessels were cultured with either rlL-6 or Veh. for 2 hours. Maximal OCR with
substrates for complex | and I+l coupled oxidative phosphorylation (OXPHOS) and maximal complex I+l and Il uncoupled OCR were
measured. E, Cerebral vessel lysates from aged (18-19 months of age) WT C57BL/6 mice cultured with exogenous anti-IL-6 antibody
or isotype control for 2 hours were immunoblotted against Parkin, p21, and (-actin. F and G, Quantification of immunoblot in E. H,
Aged cerebral vessels were cultured with either anti-IL-6 antibody or isotype control for 2 hours. Maximal OCR with substrates for
complex | and I+1l coupled OXPHOS and maximal complex I+l and Il uncoupled OCR was measured. Paired t test for B, C, F, and G.
Repeated measures 2-way ANOVA with Sidak multiple comparison test for D and H. Each data point represents a biological replicate.
N=12 per group for B; N=6 per group for C, F, and G; and N=5 per group for D and H. All results are presented as mean+SEM. ClI
indicates complex | of the electron transport chain; Cll, complex Il of the electron transport chain; and MW, molecular weight.

(Similar results were noted in aged male cerebral ves- was also upregulated in the cerebral vessels of aged,
sels [Figure S3A and S3B].) Overall, these data indicate ~ male mice (Figure S5).
that aging increases leak of the BBB and correlates

with increased expression of the p21 senescence IL-6 Induces Mitophagy and Impairs OCR

marker. in the Young Cerebral Vasculature, and
N Blocking IL-6 Induces OCR and Reduces
Aged Cerebral Vessels Exhibit Higher Parkin in the Aged Cerebral Vasculature
Levels of the STING-IL-6 Inflammatory We next examined the role of IL-6 on mitophagy in
Pathway the cerebral vasculature. First, we found that cultur-

Inflammation impairs BBB integrity, which could lead ing cerebral vessels from young female mtkeima mice
to increased BBB leakage. Given this, we measured with recombinant IL-6 led to a 20% increase in mi-
levels of inflammatory cytokines and signal adaptors. tophagy index compared with control treated vessels
We found that STING, a signal adaptor that is activated (Figure 5D and 5E). This was associated with a 2-fold
by a variety of intracellular innate recognition path- upregulation of Parkin in the cerebral vasculature har-
ways,** was 40% to 50% upregulated in the vessels vested from young WT mice that were cultured with
of aged mice compared with young mice (Figure 5A  IL-6 (Figure 6A and 6B). Furthermore, we found that
and 5B). IL-6 is an inflammatory cytokine that impairs IL-6 induced an upregulation of p21 in the cerebral ves-
mitophagy®® and is known to be increased in aged aor- sels of young WT mice (Figure 6A and 6C). We also
tas,® and was upregulated >5-fold in the cerebral ves- found that IL-6 reduced maximal coupled and uncou-
sels with aging (Figure 5A and 5C). However, we found pled complex | and Il OCR in cerebral vessels of young
similar levels of type | interferons, which are typically mice (Figure 6D). These results indicate that IL-6 in-
induced by STING activation, between young or aged creases mitophagy and impairs mitochondrial function
vessels (Figure S4A and S4B).The IL-6-STING pathway  in the cerebral vasculature of young mice.
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Figure 7. Formyl peptides upregulate interleukin 6 (IL-6) and Parkin but reduce Claudin-5

expression in young cerebral vessels.

Cerebral vessels from young mice were isolated and cultured ex vivo with N-formyl peptides (NFPs) or
vehicle (Veh.). After culture, cerebral vessels were washed and flash frozen for immunoblot. A, Cerebral
vessel lysates from young mice cultured with NFP or Veh. were immunoblotted against formyl peptide
receptor 1 (FPR1), Parkin, IL-6, Claudin-5, and (B-actin. B-E, Quantification of immunoblot in A. Paired
t test for B through E. Each data point represents a biological replicate. N=6 per group. All results are
presented as mean+SEM. MW indicates molecular weight.

Next, we examined how -6 inhibition would alter
Parkin expression and OCR in the cerebral vascula-
ture of aged WT mice. (Note, there were insufficient
numbers of aged mtKeima mice to perform IL-6 inhi-
bition experiments.) We found that the addition of an
IL-6 inhibiting antibody to aged cerebral vessels re-
duced the expression of Parkin by 30%, reduced p21
by 20% (Figure 6E through 6G), and increased OCR
by 30% compared with control-treated aged vessels
(Figure 6H). Overall, these data indicate that IL-6 alters
mitophagy, increases the p21 senescence marker, and
reduces OCR within the aged cerebral vasculature.

Activating the FPR in the Cerebral Vessels
of Young Mice Increases Parkin and IL-6
and Reduces Claudin-5 Levels

Formyl peptides are mitochondrial components that
induce inflammation by activating FPR1. We found that
cerebral vessels from aged female mice exhibited simi-
lar expression of this receptor compared with young
counterparts (Figure S6A and S6B). However, aged
male vessels exhibited a 2-fold increased expression in
FPR1 (Figure S6A and SEB).

To determine if activation of the FPR1 receptor in-
duces inflammation and increases components of mi-
tophagy in cerebral vessels from young (female) mice,
we cultured cerebral vessels from young mice with ex-
ogenous N-formyl peptides ex vivo. N-formyl peptides

J Am Heart Assoc. 2020;9:e017820. DOI: 10.1161/JAHA.120.017820

induced the upregulation of FPR1 3-fold, Parkin by
50%, and IL-6 by 50% in cerebral vessels from young
mice (Figure 7A through 7D). The upregulation of all of
these proteins on stimulation with N-formyl peptide
concomitantly led to a significant 30% reduction in
Claudin-5 protein (Figure 7A through 7E), a tight junc-
tion protein that maintains BBB integrity.*® These data
indicate that activation of the FPR1 upregulates Parkin
and -6 and reduces the expression of the barrier in-
tegrity protein, Claudin-5.

DISCUSSION

How vascular aging impacts mitochondrial function
and quality control within the cerebral vasculature
is not clear. Our study found that within aged cere-
bral vessels, mitochondrial function declines, which
is coupled to a reduced capacity to remove dam-
aged mitochondria (ie, mitophagy). Furthermore,
we have revealed that with aging there is a basal
increase in the expression of both the mitophagy
protein, Parkin, and the process of mitophagy within
the cerebral vasculature. This increased basal mi-
tophagy correlates with a reduced capacity to in-
crease mitophagy on treatment with rotenone. We
found that the increase of Parkin occurred within the
smooth muscle layer of the cerebral vasculature with
aging. However, it is possible that the changes we
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have found in our study also occur in other cells of
the cerebral vasculature, such as endothelial cells,
which should be examined in the future. Aging within
the cerebral vasculature also increased the STING-
IL-6 pathway, upregulated the p21 senescence
marker, and was associated with increased BBB
leakage. Treatment of young cerebral vessels with
the mtDAMP, N-formyl peptides, upregulated IL-6,
and reduced expression of the barrier integrity pro-
tein, Claudin-5, which has previously been shown to
be reduced with aging.%’

In our study, IL-6 treatment of young cerebral ves-
sels upregulated the mitophagy protein Parkin, reduced
OCR, and increased mitophagy. We complemented
these findings by inhibiting IL-6 in aged cerebral ves-
sels and found that blocking IL-6 reduced Parkin and
increased OCR. Hence, our study indicates that the
age elevation in IL-6, a cytokine that is known to impair
mitochondrial function,®®38 may contribute to altered
mitochondrial function and mitophagy within the cere-
bral vasculature.

Collectively, our study suggests that aging impairs
both mitochondrial function and the capacity to remove
defective mitochondria within the cerebral vasculature.
Combined, there is likely an increased concentration of
defective mitochondria within the aged cerebral vas-
culature. The consequential increase in MtDAMPs ac-
tivates inflammation to increase IL-6, to further worsen
mitophagy, and to reduce BBB integrity. In sum, our
study reveals a mechanism as to why the BBB exhibits
impaired barrier function with aging and could offer a
potential explanation for the subsequent reduced ce-
rebral vascular and neuronal heath that occurs with
aging.

During cerebral vascular insults, such as stroke,
BBB function is compromised, which could contribute
to the pathophysiological features of stroke.®*4! As the
brain is more susceptible to strokes with aging,*? and
aging results in greater neurologic deficit after stroke,*®
our study suggests that the alterations that we have
uncovered within the cerebral vasculature with aging
without disease could contribute to the age-enhanced
risk of stroke. This may be relevant to the 2020 corona-
virus disease 2019 pandemic, which is emerging as an
age-enhanced disease, in which more severe disease
associates with a >10-fold risk of stroke.** Our findings
are not just relevant to acute insults, such as stroke,
but also to chronic neurodegenerative diseases, such
as Alzheimer disease, as impaired BBB function may
lead to increased deposition or reduced clearance of
amyloid-$3 protein and impaired neuronal health.*® It
will be important in the future to show that enhanc-
ing mitochondrial function, mitophagy, or both reduces
BBB leak and whether such maneuvers reduce neuro-
logical deficits from stroke, or neurodegeneration that
occurs with aging.

J Am Heart Assoc. 2020;9:e017820. DOI: 10.1161/JAHA.120.017820
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Our study does not elucidate the temporal alter-
ations between inflammation and impaired mitophagy
with aging. Clearly, defective mitophagy and reduced
mitochondrial function activate inflammation, likely at-
tributable to mtDAMPs activating intracellular innate
immune signaling pathways.*® As cellular senescence
leads to the increased secretion of inflammatory pro-
teins, known as the senescence-associated secretory
phenotype,33itis also possible that long-term increased
secretion of inflammatory proteins by the aged vascu-
lature disrupts vascular bioenergetics, which over time
could compromise mitochondrial function. Our study
has revealed that the aged cerebral vasculature up-
regulates IL-6, which has been shown to reduce both
mitophagy and mitochondrial function.®%® Future stud-
ies should investigate if other inflammatory proteins
of the senescence-associated secretory phenotype,
such as tumor necrosis factor-a or interleukin 13, are
upregulated within the cerebral vasculature with aging.
Furthermore, we found that the p21 senescent marker
was also upregulated within the aged cerebral vas-
culature, and that inhibiting IL-6 reduced p21 expres-
sion in the cerebral vasculature with aging. This latter
result indicates there could be a direct connection
with enhanced inflammation and senescence, which
should prompt future investigation. Future studies will
also be required to determine if inflammation or mito-
chondrial function is the inciting alteration within the
cerebral vasculature with aging. Interestingly, the risk
of age-enhanced cardiovascular diseases in humans
is reduced in patients who exhibit a loss of function in
the IL6 gene,*” which should prompt investigation as to
whether this is also true for cerebral vascular diseases.

Our study has found that the alterations in the aged
cerebral vasculature occur regardless of sex, although
there were some alterations that were sex specific.
Male aged mice exhibited a reduction in the mitochon-
drial biogenesis regulatory protein PGC1-a and an
increase in FPR1 compared with vessels from young
mice, whereas no differences were seen between
aged and young female mice. Although our study has
not provided an explanation for these findings, estro-
gens have been suggested as exhibiting a protective
role in neurodegenerative diseases.*® Furthermore, ro-
dent studies have found that female mice may exhibit
reduced BBB integrity compared with males.*® Clearly,
future studies are required to characterize the impact
of sex in the cerebral vasculature as mice age, and
how any sex-specific changes impact cerebral vascu-
lar health in general.

In conclusion, our study has revealed that the
aged cerebral vasculature exhibits mitochondrial
dysfunction coupled to impaired mitophagic capac-
ity. Combined, these alterations increase IL-6 pro-
duction, which correlates with reduced BBB integrity
with aging. These findings inform on how aging
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impacts cerebral vascular health and potentially why
aging increases cerebral vascular diseases, such as
stroke.
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Figure S1. Isolation of cerebral vessels.
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Representative immunoblot of ascending and descending thoracic aorta, brain, and
cerebral vessels were dissected from mice (see Methods) and flash-frozen for
immunoblot. Protein concentration was determined by BCA assay and 20ug of each
lysate was electrophoresed and immunoblotted against a neuronal marker (NeuN),
oligodendrocyte marker (Olig2), and smooth-muscle cell marker (SM22a). Each lane
represents an individual biological replicate. Results were similar in young and aged
brains. A =aged (18-19 months of age); and Y = young (3-4 months of age).



Figure S2. Aging increase Parkin and Nix in the cerebral vessels of aged male
mice.
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A: Cerebral vessel lysates from young and aged male WT C57BL/6 mice were
immunoblotted against Parkin, Nix, PGC1-a, and B-actin. B-D: Quantification of
immunoblot in A. Mann-Whitney U test for A-D. Each data point represents a biological
replicate. N=10 mice per group. All results are presented as mean +SEM. A = aged (18-
19 months of age); and Y = young (3-4 months of age).



Figure S3. Aging increases p21in the cerebral vessels of aged male mice.
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A, Cerebral vessel lysates from young and aged WT male C57BL/6 mice were
immunoblotted against p21 and B-actin. B: Quantification of immunoblot in A and B.
Mann-Whitney U test for A. N=5 mice per group. Each data point represents a biological
replicate. All results are presented as mean +SEM. A = aged (18-19 months of age);
and Y = young (3-4 months of age).



Figure S4. IFNB expression in the cerebral vessels of mice.
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A, Cerebral vessel lysates from young and aged WT C57BL/6 mice were
immunoblotted against IFN B and B-actin. B: Quantification of immunoblot in A. Mann-
Whitney U test for A and B. Each data point represents a biological replicate. N=5 mice
per group. All results are presented as mean +SEM. A = aged (18-19 months of age);

and Y = young (3-4 months of age).



Figure S5. Aging increases STING-IL-6 in the cerebral vessels of aged male mice.

A Y AY A mMw B ,EEM p=0019 C EEM
STING |« w= = we| 34 gif-g |_| 'gﬁ.au
L6 &8 ] 24 EE;:: FET : E‘Efﬂ
B-Actin | w ' | 37 Eﬁu:n ST 230

A: Cerebral vessel lysates from young and aged WT C57BL/6 male mice were
immunoblotted against STING, IL-6, and B-actin. B: Quantification of immunoblot in A.
Mann-Whitney U test for A-C. Each data point represents a biological replicate. N=10
mice per group. All results are presented as mean £SEM. A = aged (18-19 months of
age); and Y = young (3-4 months of age).



Figure S6. Aging increase FPR1 in the cerebral vessels of aged mice.
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A: Cerebral vessel lysates from young and aged WT C57BL/6 mice were
immunoblotted against FPR1 and B-actin. B: Quantification of immunoblot in A. Mann-
Whitney U test for A and B. Each data point represents a biological replicate. N=5 mice
per group. All results are presented as mean +SEM. A = aged (18-19 months of age);
and Y = young (3-4 months of age).



